The recently discovered protein leptin has a molecular mass of 16 kDa, consists of 146 amino acids, and is synthesized and secreted by adipose tissue. Leptin affects feed intake, the neuroendocrineaxis, and immunological processes. The protein was first identified as the gene product that is deficient in the obese ob/ob mouse. Leptin serves as a circulating signal of nutritional status and plays a pivotal role in regulation of body weight, energy expenditure, growth, and reproduction.
Introduction
The idea that body fat mass is involved in regulating food intake and body weight through a feedback loop was proposed over 40 yr ago (Kennedy, 1953) . In support of this hypothesis, parabiosis experiments demonstrated that a blood-borne hormonal factor serves as a satiety signal (Hervey, 1959) . However, with the recent discovery of the ob gene and its product, leptin (Zhang et al., 1994) , it is now possible to examine the relationship between body fat and the neuroendocrine axis.
Metabolism and the Endocrine System
The importance of nutritional and(or) metabolic status in maintaining reproductive function is well established. Onset of puberty may be linked to attainment of a critical body weight or a minimum percentage of body fat (Frisch, 1984) . Alternatively, metabolic mass and food intake or its correlated metabolic rate may be the triggering mechanism (Frisch, 1984) . Cameron et al. (1985) reported that the transition from a fed to a fasted state occurred more rapidly in juvenile than in mature monkeys. Different temporal responses of metabolic hormones and substrates to fasting between adults and juveniles were probably related to a greater glucose production rate, higher metabolic rate, smaller energy reserves, and greater growth requirements of juveniles. Cameron et al. (1985) suggested that the dynamic fluctuations in plasma hormones and substrates that occurred during postprandial and postabsorptive periods provide signals to the brain that link metabolic status to the activation of the reproductive system. Nutritional perturbations delay onset of puberty, interfere with normal estrous cycles, and alter endocrine function in gilts (Armstrong and Britt, 1987; Barb et al., 1991 Barb et al., , 1997b , heifers (Short and Bellows, 1971; Houseknecht et al., 1988) , and ewes Estienne et al., 1990) . In males, undernutrition results in hypogonadism and infertility (Brown, 1994) . Collectively, these data demonstrate that nutritional status affects endocrine function.
Contemporary models of energy regulation emphasize physiological signals that control energy intake, partitioning, and expenditure and their sites of action. It is hypothesized that mechanisms regulating energy balance are sensitive to metabolic signals generated by changes in oxidation of metabolic fuels and could account for positive correlations between body fat, fertility, and endocrine function (Wade et al., 1996) . The intent of this review is to examine the role of leptin in modulating the neuroendocrine axis. amino acid signal peptide. Leptin affects feed intake, the neuroendocrine-axis, and immunological processes. The protein was first identified as the gene product that is deficient in the obese ob/ob mouse (Zhang et al., 1994) . Injection of recombinant leptin resulted in a reduction of feed intake in ob/ob mice (Campfield et al., 1995; Pellymounter et al., 1995) . Numerous studies demonstrated the importance of this protein in the mutant mouse. Serum leptin levels are elevated in obese rats, mice (excluding the ob/ob mouse), and humans, suggesting defective receptors or signaling mechanisms in these subjects . The leptin receptor has at least five splice variants and is expressed in multiple tissues. The long form of the receptor is primarily expressed in the hypothalamus and is thought to be the predominant signaling form (Tartaglia et al., 1995; Dyer et al., 1997) . Mutations in the leptin receptor were identified for the db/db mouse and Zucker fa/fa rat and rendered these animals unable to detect elevated serum leptin concentrations (Chen et al., 1996; Chua et al., 1996) . A recent report by Bjorbaek et al. (1998) demonstrated that leptin induces the expression of a member of the suppressor-of-cytokinesignaling ( SOCS) family, SOCS-3. Peripheral leptin administration to ob/ob (but not to db/db) mice increased SOCS-3 mRNA in hypothalamic neurons. Moreover, to test the idea that SOCS-3 suppresses leptin signaling, Bjorbaek et al. (1998) transiently transfected mammalian cell lines with various members of the SOCS family. They found that SOCS-3, but not SOCS-2 or cytokine-inducible sequence, altered leptin-induced signaling events. Thus, SOCS-3 may be a mechanism underlying leptin resistance and subsequent obesity.
The discovery of leptin has improved our understanding of the relationship between adipose tissue and energy homeostasis (Campfield et al., 1995; Pellymounter et al., 1995; Caro et al., 1996) . The effects of leptin on energy expenditure may be mediated via the sympathetic nervous system. Leptin treatment increased sympathetic nervous activity to white and brown fat, hindlimb, adrenal gland, and kidney of lean Sprague-Dawley rats (Haynes et al., 1997; Siegrist-Kaiser et al., 1997) . Moreover, leptin increased expression of uncoupling protein 1 ( UCP1) in brown fat and UCP2 and UCP3 in peripheral tissues (Scarpace et al., 1997; Liu et al., 1998) . It is likely that the action of leptin on energy expenditure is via adrenergic enervation of adipose tissue and by the UCP.
Increased leptin production by adipose tissue and rising levels of triglyceride stores in adipose tissue is proposed to serve as a signal to the brain, resulting in decreased food intake, increased energy expenditure, and resistance to obesity (Campfield et al., 1995; Pellymounter et al., 1995) . When energy intake and output are equal, leptin reflects the amount of stored triglycerides in adipose tissue. However, a 10% reduction in body weight resulted in a 53% reduction in serum leptin concentrations in humans (Considine et al., 1996) . This reduction in serum leptin level in the presence of a small reduction in body weight suggests that leptin secretion is regulated by factors other than adipose depot mass. One of these factors may be caloric intake. Fasting in humans (Kolaczynski et al., 1996a) and rodents (Cusin et al., 1995; Trayhurn et al., 1995; Ahima et al., 1996) resulted in a marked decrease in plasma leptin concentrations. In contrast, a 10% increase in body weight resulted in a 300% increase in blood leptin levels (Kolaczynski et al., 1996b) . Moreover, overfeeding that does not change body weight increased serum leptin concentrations by 40% (Kolaczynski et al., 1996b) . Thus, leptin may serve as a circulating signal of nutritional status.
Information regarding the effect of nutrition on serum leptin concentrations and subsequent LH and GH secretion in domestic animals is limited. In pigs, 28 h without feed reduced serum leptin concentrations by h 24 of the period with no subsequent change in subcutaneous fat thickness ( Figure 1 ). However, plasma glucose and serum insulin concentrations were lower in feed-deprived animals than in fed controls (C. R. Barb, unpublished data). Dyer et al. (1997) reported that ewes that were feed-restricted for 3 wk exhibited greater leptin receptor mRNA expression in ventromedial and arcuate nuclei of the hypothalamus than control animals. We recently conducted an experiment to determine whether the effects of metabolic fuel restriction on LH and GH secretion are due to reduced serum leptin concentrations in prepuberal gilts (Barb et al., 1998a) . Treatment with 2-deoxy-Dglucose ( 2DG) , a competitive inhibitor of glycolysis, increased mean serum GH concentrations but failed to affect frequency and amplitude of GH pulses. However, 2DG suppressed LH pulse frequency but failed to alter mean serum LH concentrations and LH pulse amplitude. Serum leptin concentrations were unchanged by 2DG treatment. These results suggest that acute effects of energy deprivation on LH and GH secretion are independent of changes in serum leptin concentrations.
Diurnal and(or) ultradian rhythms in secretion are common physiological characteristics of most hormones, such as those from the hypothalamic-pituitary axis, ovarian hormones, and neurotransmitters (Weiner et al., 1988) . Sinha et al. (1996a) reported diurnal changes in serum leptin concentrations in humans; the highest concentrations occurred between midnight and early morning. Moreover, leptin was secreted in a pulsatile pattern. In addition, fasting serum leptin concentrations were correlated with body mass index (Sinha et al., 1996b) . Recent work in our laboratory demonstrated that leptin secretion in prepuberal gilts was also pulsatile in nature and decreased over the course of feed deprivation ( , and 24 to 28 h (Period 3) for fed (n = 3) and feed-deprived (n = 4) pigs. Serum leptin was quantified with a RIA (Multi-Species Leptin RIA Kit, Linco Research, St. Charles, MO). Leptin pulses were determined by Pulsar analysis (Merriam and Wachter, 1982) . *Different from Period 1 (P < .03).
such as LH and GH. However, unlike other endocrine glands that are regulated by a feedback mechanism (Gannong, 1983) , fat depots vary in size and are widely distributed with no apparent feedback coordination. Circulating leptin concentrations are influenced by fasting, feeding, degree of adiposity, insulin, and catecholamines (Table 1 ; Blum, 1997) . Recent evidence indicates differential sympathetic neural innervation of fat depots (Youngstrom and Bartness, 1995) , and acute regulation of blood flow may provide the best explanation for acute regulation of leptin secretion.
Leptin and the Reproductive Axis
Leptin treatment advanced sexual maturation in feed-restricted animals and in those with ad libitum access to feed (Barash et al., 1996; Ahima et al., 1997; Cheung et al., 1997) . Cheung et al. (1997) reported that feeding nonobese female rats at 80% of ad libitum intake inhibited the onset of puberty such that no animals exhibited vaginal opening or estrus at 38 d of age. In contrast, rats treated with leptin exhibited normal puberty, although feed intake was also 80% of ad libitum intake. In normal female mice, leptin treatment reduced feed intake and growth by 15%, but it advanced the onset of puberty by an average of 11 d (Chehab et al., 1997) . In addition, chronic leptin treatment not only reduced food intake and body weight in ob/ob mice, but it also restored fertility (Barash et al.,1996) . Leptin can also reverse the effects of undernutrition in nonobese animals. Leptin treatment prevented the starvation-induced delay in ovulation in the nonobese female mouse (Ahima et al., 1996) . Similarly, leptin treatment increased serum LH and testosterone concentrations in fasted male mice (Ahima et al., 1996) . Serum leptin concentrations increased during puberty in mice (Chehab et al., 1997) and boys (Mantazoros et al., 1997) , and, in human females, age at first menarche was inversely related to serum leptin concentrations (Matkovic et al., 1997) . Matkovic et al. (1997) reported that a critical blood leptin level was necessary to trigger puberty. Moreover, in ovariectomized prepuberal gilts, estrogen-induced leptin mRNA expression occurred at the time of expected puberty in intact contemporaries and was associated with greater LH secretion (Qian et al., 1998) . Collectively, these data suggest that leptin plays a role in the normal onset of puberty. The intrinsic mechanisms through which leptin reduces food intake, increases energy expenditure, and alters endocrine activity (Ahima et al., 1996; are poorly understood. It is currently hypothesized that leptin acts at the brain. Leptin receptor mRNA was localized in ventromedial and arcuate nuclei of the hypothalamus and anterior pituitary of sheep (Dyer et al., 1997) , rats (Schwartz et al., 1996; Zamorano et al., 1997) , and mice (Tartaglia et al., 1995; Mercer et al., 1996) . Thus, leptin could act at the brain and(or) pituitary to regulate LH secretion. Several reports demonstrated the effects of leptin administration on the hypothalamic-pituitary axis (Table 2) . Leptin treatment increased plasma concentrations of LH, FSH, and testosterone in fasted mice and ob/ob mice (Ahima et al., 1996; Barash et al., 1996) . Leptin administered intracerebroventricularly ( ICV) stimulated LH secretion in estrogen-primed, ovariectomized rats (Yu et al., 1997) . In addition, leptin stimulated GnRH release from cultured median eminence-arcuate explants from rats (Yu et al., 1997) . However, we recently (C. R. Barb, unpublished data) demonstrated that ICV administration of leptin failed to alter LH secretion in prepuberal gilts.
Although not yet conclusive, these results would suggest that mechanisms differ between swine and rodents. Perhaps the dose of leptin administered to pigs exceeded a putative stimulatory threshold, resulting in desensitization of GnRH secretory pathway. In support of this idea, Yu et al. (1997) reported a dose-related decrease in leptin-induced release of GnRH from median eminence-arcuate explants. Yu et. al. (1997) reported a direct effect of leptin on LH, FSH, and prolactin release from rat pituitaries in culture. Similarly, in porcine anterior pituitary cells in culture, leptin at doses considered to be physiological (Considine et al., 1996; Saad et al., 1997) basal LH secretion and suppressed GnRH-induced LH secretion (Barb et al., 1997a) . These results, in part, agree with findings of Yu et al. (1997) , in which leptin stimulated basal LH release with no apparent dose-response relationship, but leptin had no effect on GnRH-induced release of LH from rat pituitary cells in vitro. Collectively, these data indicate that leptin plays a role in regulating the GnRH/LH axis.
Although most of the evidence suggests a central site for the effects of leptin on the reproductive axis, a direct effect on the ovary cannot be discounted. Studies in vitro demonstrated that leptin inhibited insulin-induced progesterone and estradiol production by bovine granulosa cells (Spicer and Francisco, 1997) . In addition, leptin selectively attenuated the synergistic action of IGF-I on FSH-stimulated estradiol production, but not progesterone, from rat granulosa cells in culture (Zachow and Magoffin, 1997) . These data support the idea of a direct effect of leptin on ovarian function.
Taken together, the above reports support the idea that a critical blood level of leptin is necessary to initiate reproductive function, suggesting a putative stimulatory threshold. Moreover, high serum leptin concentrations may contribute to desensitization of the GnRH/LH axis and ovarian steroidogenesis, indicating a putative inhibitory threshold.
Leptin and the Growth Hormone Axis
Growth hormone-releasing hormone ( GHRH) and somatotropin release-inhibiting factor ( SRIF) are regulated by monoamines in the median eminence. In addition, integration of peripheral signals (i.e., metabolites, metabolic hormones, and leptin) in the regulation of GH secretion primarily occurs in the median eminence. Free fatty acids alter the GHRH/ GH axis. For example, in pigs, NEFA suppressed the GH response to GHRH in vivo (Barb et al., 1991) and from pituitary cells in culture (Barb et al., 1995) . Free fatty acids were elevated during fasting when GH concentrations were suppressed in rats (Harel and Tannenbaum, 1993) . Moreover, a recent report demonstrated an inverse relationship between plasma NEFA levels and plasma leptin concentrations (Rensch and Chiesi, 1996) . We recently reported that ICV administration of leptin resulted in a marked increase of GH secretion in normally fed pigs, with maximum concentrations occurring at 15 to 30 min after ICV injection (Barb et al., 1998b) , similar to GH response to exogenously administered GRF (Barb et al., 1991) . In contrast, in a recent report by Carro et al. (1997) , central administration of leptin failed to increase GH secretion in normally fed adult male rats, but it did reverse the inhibition of GH secretion exerted by fasting. This discrepancy between these studies may in part be related to species, age, and(or) sex differences. For example, fasting in rats suppressed serum GH levels (Harel and Tannenbaum, 1993) , whereas feed restriction in pigs elevated serum GH concentrations (Booth, 1990) . Moreover, age and sex have a profound influence on the pattern of GH secretion in rat and pigs (Jansson et al., 1985; Dubreuil et al., 1987; Painson and Tannenbaum, 1991) . In addition, we demonstrated that leptin stimulated basal GH secretion and inhibited GHRHinduced GH secretion from pituitary cells in culture (Barb et al., 1998b) . Further research is needed to elucidate the physiological role of leptin in modulating pituitary function.
Several reports demonstrated that central administration of leptin inhibited feed intake, stimulated GH secretion, and altered energy expenditure (Kaiyala et al., 1995; Campfield et al., 1996; Carro et al., 1997; Barb et al., 1998b) . This is consistent with the idea that leptin is an important link between metabolic status, the neuroendocrine system, and the growth process. How leptin achieves this link is poorly understood. A more detailed examination of leptin's physiological role in regulating growth and feed intake in domestic animals will depend on monitoring metabolic hormones and measuring circulating concentrations of leptin and associated changes in the GHRH-SRIF/GH axis.
Neuropeptide Y
Neuropeptide Y ( NPY) is a member of a family of pancreatic peptides, and it is widely distributed in the central nervous system ( CNS) and, in particular, the hypothalamus (Tatemoto, 1982; Busch-Sorensen et al., 1989) . Immunocytochemical evidence demonstrated coexistence of NPY and norepinephrine in brain stem neurons that project to the hypothalamus. Also, NPY neurons within the arcuate nucleus project to the median eminence. It is believed that the effects of leptin on hypothalamic GnRH release is mediated by NPY. In support of this idea, ICV administration of NPY suppressed LH secretion in pigs (Figure 3 : C. R. Barb, unpublished data) and ewes (Malven et al., 1992; McShane et al., 1992) .
It is hypothesized that stimulation of GH secretion by leptin is due to a reduction in hypothalamic NPY release and a concomitant increase in GHRH and(or) decrease in SRIF release. In support of this idea, hypothalamic NPY release was stimulated by food deprivation in rats (Okada et al., 1993) . Leptin receptors are present on NPY neurons in the hypothalamus (Mercer et al., 1996) and immunocytochemical evidence demonstrated synaptic connection between NPY neuronal projections and SRIF neurons (Okada et al., 1993 . Serum LH concentrations (mean ± SE) for pigs receiving an intracerebroventricular injection of saline (S; n = 6) or 10 (n = 5), 50 (n = 4), or 100 mg (n = 3) of NPY at time 0. *Times at which effects of treatment were different from S-treated animals (P < .01). Figure 4 . Proposed involvement of leptin in the neuroendocrine regulation of LH, FSH, and GH secretion. Leptin interacts with its receptor to inhibit neuropeptide Y (NPY) activity. It is proposed that NPY inhibits GnRH and somatotropin release-inhibiting factor (SRIF) release and stimulates GH-releasing hormone (GHRH) secretion. In addition, leptin directly inhibits SRIF secretion and stimulates GHRH secretion. tration of NPY inhibited GH secretion and stimulated SRIF release from hypothalamic tissue in vitro (Rettori et al., 1990) . In addition, leptin inhibited in vitro hypothalamic SRIF secretion and SRIF mRNA expression and suppressed NPY-stimulated SRIF mRNA levels and SRIF secretion, suggesting that effects of leptin are mediated independent of NPY (Quintela et al., 1997) .
Several reports demonstrated that NPY is a potent regulator of feeding, energy expenditure, and fat storage (Clark et al., 1984; Stanley et al., 1990; Billington and Levine, 1992) . There is now considerable evidence demonstrating that hypothalamic NPY is responsive to changes in energy balance and leptin. Fasting increased NPY concentration in the hypothalamus (Sahu et al., 1988; Calza et al., 1989) and NPY mRNA levels in the arcuate nucleus (Brady et al., 1990; McShane et al., 1993; Adam et al., 1997) . Leptin receptors are present on NPY neurons in the hypothalamus (Mercer et al., 1996) . Moreover, leptin reduced the activity of arcuate NPY neurons and decreased release of NPY in the paraventricular nucleus and other brain locations involved in regulating feed intake (Glaum et al., 1996) , LH (Kineman et al., 1988) , and GH (Leshin et al., 1994) . Following resumption of food intake in fasted humans, blood leptin levels were restored (Kolaczynski et al., 1996a) , and, in research animals, hypothalamic NPY levels and NPY mRNA concentrations returned to control values (Kalra et al., 1991; O'Shea and Gundlach, 1991) . These data indicate that nutritional status of the animal alters brain NPY activity, which in turn could modulate neuroendocrine activity. Thus, leptin/NPY may be an important link between metabolic status, the neuroendocrine system, growth, and reproductive processes (Figure 1 ). 
Conclusion
Leptin seems to be more than a satiety signal. It serves as a metabolic signal communicating to the brain how much stored energy is available from fat depots. Leptin may act as a metabolic gate; as circulating concentrations of leptin increase over the course of pubertal development or during the postpartum interval, serum leptin levels may reach some stimulatory threshold that permits activation of the reproductive axis. Thus, leptin seems to act to regulate feed intake and energy expenditure and to modulate the neuroendocrine axis. Moreover, leptin may be the long-sought fat cell signal that links the reproductive and adipose tissue axis.
Implications
Understanding the adipose tissue-brain-pituitary gland axis will have significant implications for controlling appetite, metabolism, and reproduction in farm animals, leading to increased efficiency of lean meat production. The potential exists to accelerate onset of puberty and shorten the postpartum anestrous period through development of nutritional schemes and(or) gene therapy to manipulate leptin secretion. Genetic selection based on leptin gene expression may be useful in identifying animals capable of higher feed intake and performance potential.
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